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Abstract We present new experiments that identify a mechanism for episodic release of gas from a
pressurized, deformable reservoir conﬁned by a clay seal, as a result of the transition from bulk deformation
to channel growth through the clay. Air is injected into the center of a thin cylindrical cell initially ﬁlled
with a mixture of bentonite clay and water. For suﬃciently dry mixtures, the pressure initially increases with
little volume change. On reaching the yield stress of the clay-water mixture, the lid of the cell then deforms
elastically and an air-ﬁlled void forms in the center of the cell as the clay is driven radially outward. With
continued supply of air, the pressure continues to increase until reaching the fracture strength of the clay.
A fracture-like channel then forms and migrates to the outer edge of the cell, enabling the air to escape. The
pressure then falls, and the clay ﬂows back toward the center of the cell and seals the channel so the cycle
can repeat. The phenomena may be relevant at mud volcanoes.
1. Introduction
Gas migration through clay is of considerable interest for environmental engineering, marine science,
petroleum geology, and soil mechanics. The accumulation and migration of gas through clay deposits can
lead tomud volcano ﬂows and release of bubbles on the seaﬂoor [Barry et al., 2012; Boudreau, 2012] and is rel-
evant for the stability of methane hydrates and clathrates [Buﬀett, 2000]. One interesting application relates
to the use of bentonite clay as a seal for geological disposal facilities, including radioactive waste repositories
[Pusch et al., 2010] where it has been proposed that bentonite seal layers could conﬁne the waste. A consider-
able body of research has explored the potential behavior of such clay in geological waste repositories [e.g.,
Madsen, 1998; Komine and Ogata, 1994], investigating the eﬀects of temperature changes, controls on inter-
actions of clay and porewater including suction pressures, and themechanical and ﬂowproperties of the clay
[Cui et al., 2002]. However, in some cases, as water contacts disposedmaterial in the waste inventory, gas may
be produced, primarily by corrosion of metals and degradation of organic materials, leading to pressuriza-
tion and gas-clay interactions [Sellin and Leupin, 2013]. The dynamics and stability of such gas-clay interfaces
are of considerable interest, especially if, over time, the gas pressure builds through continued production
[Harrington and Horseman, 1999; Shaw, 2015].
Muchof the research on thedynamics of gasmigrating through clay has been carried out in high-pressure sys-
tems, in which direct visualization of the ﬂow is diﬃcult, and the detailedmotion of the clay and gas has been
inferred by measurements of stress, pore water pressure, ﬂux, or gas breakthrough in opaque high-pressure
cells [Bennett et al., 2015; Gutierrez-Rodrigo et al., 2014]. Such measurements have led to the generation of
numerical models to describe the process of gas migration through clay [Shao et al., 2015] although there
are relatively few direct measurements of gas migrating through clay. As a complement to this body of work,
we have developed a simpliﬁed experimental model to explore the processes that arise when gas is injected
into the center of a thin cylindrical cell initially ﬁlled with a clay-water mixture. These experiments explore
the response of the clay-water mixture to pressurization and displacement by the gas. Although our experi-
ments are conducted at relatively low pressures, of order 1 atmosphere, they have exposed a potential cyclic
gas release process that arises when a material with a ﬁnite yield strength is contained within an elastically
deformable vessel.
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Figure 1. Schematic of the experimental apparatus.
In section 2, we describe our experimental apparatus and some details about the rheology of the
bentonite-water mixtures used in our experiments. We report on a series of systematic experiments in which
the clay fraction of the clay-water mixture was varied, from a dilute ﬂuid-like mixture to a drier mixture which
exhibits a yield stress [Lagaly, 1989] or which may fracture [Alfaro andWong, 2001]. Our experiments demon-
strate that there is a cyclic gas release mechanism that occurs with the clay-rich mixture and involves a series
of pressurization-depressurization cycles, resulting from the balance between the slow elastic deformation
of the cell and concomitant ﬂow of clay as the system is pressurized, and the opening of a channel through
the clay at a higher pressure, leading to very fast release of gas as the system decompresses. We draw some
conclusions and discuss the relevance for subsurface geological waste repositories and also for observations
of discrete bubble bursts at mud volcanoes.
2. Experimental Method
The experiments were carried out in a circular cylindrical cell composed of two perspex plates, each of radius
of 25 cm (R0) with a gap of 4 mm (h0). The bottom plate is 5 cm thick while the top one is 9.1 mm thick. The
bending coeﬃcient B of the top plate has value 2.3× 102 Pa m3 which is much smaller than the bottom plate
and so the main deformation of the cell occurs on the top plate. In setting up the experiment, the clay-water
solution is spread on the bottom plate and leveled to a thickness of about 7 mm. The top plate is then placed
on the mixture and the system compressed to produce a gap of approximately 4 mm. The two plates are
pressed together using two metal rings of radius 24 cm and a 2 × 2 cm cross section to spread the stress
uniformly over the perimeter of the cell. This avoids the development of a variable stress at the edge of the
tank when screwing the plates together. A schematic of the apparatus is shown in Figure 1.
In order to visualize the deformation of the top plate, a grid of lines has been painted on the top boundary
of the cell. During each experiment a series of photographs of the top surface was taken using a Canon D90
camera pointing at the top plate with an angle of 60∘ to the vertical. The setup procedure described in the
previous paragraph compresses the clay, and this initial overpressure deforms the topplate. By comparing the
position of the lines with respect to the initial prepressurization location, the vertical deformation (Δh(r, 𝜃))
can be estimated.
The experiment is backlit by an electroluminescent sheet (WςCo LED panel 60 × 60 cm) and recorded from
directly above the tank using a second Canon D90 camera with a 1 Hz image acquisition frequency. As air
invades the cell and displaces the clay-water mixture, the light intensity increases so that the central cavity
and, at later stages, fractures or channels can be visualized. In the experiments, the outer radial boundary of
the cell had a coarse mesh preventing clay loss from the cell, while allowing air to leave the cell.
The clay-water solution is prepared with a foodmixer which exerts a high shear stress on the clay. This breaks
the bentonite platelet structures and so before running the experiment, once the clay has been placed in the
cell, the system is left for 3 h so that the clay structures can become reestablished.
The clay consists of bentonite (provided by Sigma-Aldrich) mixed with water, and its physical properties are
dependent on the mass fraction of clay in the mixture, S = MB∕Mtot, where MB is the bentonite mass and
Mtot is the total mass of the solution. In the present suite of experiments, S lies in the range 0.05 ≤ S ≤ 0.16.
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Figure 2. (a) Plot of the elastic modulus (G′ , solid line), the viscous modulus (G′′, dashed line), and the dynamic viscosity (𝜇, dotted lines) measured by the
rheometer at various shear stress (𝜎) for four diﬀerent bentonite content mixtures. (b) Plot of the yield stress as a function of the clay mass fraction S. (c) Graph
describing the relation between the pressure at which the fracture-like channel begins to migrate through the clay as a function of the clay mass fraction S.
We used an oscillatory rheometer (Bohlin rheometer CS-50) to measure the rheology of the clay-water mix-
tures (Figures 2a and 2b). At low shear stress, the bentonite behaves as an elastic material with a high and
relatively constant elastic modulus (G′) which increases from 1 to 105 Pa as S increases from 0.1 to 0.2 (solid
lines in Figure 2a). Once the shear stress exceeds a critical value, the yield stress (𝜎y), then the mixture
deforms and the elastic modulus becomesmuch smaller (Figure 2a). The yield stress increases approximately
exponentially with the clay content of the mixture, from about 25 Pa when S = 0.1 to about 2 kPa when
S = 0.2 (Figure 2b). Beyond the yield point, the material becomes shear thinning and the eﬀective viscosity,
as measured by the rheometer, falls as the shear stress increases (dotted lines in Figure 2a).
On starting an experiment, air is pumped into a port at the center of the tank using two syringe pumps
(NE-1050:World Precision Instruments)working in alternate cycles to provide an almost constant volumeﬂow
rateQ0 ≃ 1 cm3/s. The pressure (P) in the domain is measured by 24 pressure transducers with range±30 KPa
and provided by Honeywell. These are connected to holes at diﬀerent positions on the rigid bottom plate,
one of which is located at the injection point in the center of the cell. We now describe the behavior of the
system using mixtures of (section 3.1) low and (section 3.2) high clay content.
3. Experimental Results
3.1. Low Clay Content
With clay content S smaller than about 0.10, the yield stress in the claymixture is very small, and the claybegins
to ﬂow and migrate radially outward soon after the air is injected into the centre of the cell (e.g., Figure 3a).
Owing to the viscosity contrast with the air, this leads to development of a ﬁngering instability, somewhat
analogous to the Saﬀman-Taylor instability [Saﬀman and Taylor, 1958] as the air displaces the clay-water mix-
ture (e.g., Figures 3b–3e). Since the clay is relatively mobile, the pressure in the cell remains relatively low and
the cell deformation is small. Such ﬁngering has been observed in earlier experiments of clay displacement
in a narrow gap [cf. Holtzman et al., 2012].
3.2. High Clay Content
With clay content S in excess of about 0.10, the initial viscosity of the clay mixture becomes progressively
higher and the yield stress larger (Figures 2a and 2b). Figures 3f–3j illustrates the evolution of a clay-water
mix (S = 0.13) as air is injected into the cell. After reaching the yield stress the clay spreads out in a near-radial
pattern with an air void forming in the center of the cell (Figures 3f–3h). However, in Figures 3h and 3i a small
fracture-like feature can also be seen to be developing in the lower left-hand side of the cell and by Figure 3j
the fracture-like feature has reached the outer edge of the domain. It then releases the highly pressurized gas
from the center of the cell. The clay ﬂows back to ﬁll the fracture-like channel and the central air void shrinks
and becomes conﬁned again. With further injection of gas the system can repressurize. Our observation of
a yield stress and a fracture stress in a clay-water mixture are consistent with earlier experiments [Marques,
2001, Shen andMiura, 1999 and Besq et al., 2003].
In order to analyze the evolutionof these cycles inmoredetail, in Figures 4 and5wepresent data fromanother
experiment using clay for which S = 0.14. Figure 4 (top) illustrates the evolution with time of the pressure
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Figure 3. (a–e) Images showing the growth of the air void in an experiment for which S = 0.07. The clay migrates radially outward, but the interface becomes
unstable and develops ﬁngers, with a dominant ﬁnger eventually growing to the boundary of the domain allowing the gas to escape. (f–j) Series of images
showing the initial nearly radial deformation of a clay-water mixture with S = 0.13 (Figures 3f–3h) followed by formation of a fracture-like channel
(Figures 3h–3j) once the pressure surpasses a critical pressure (Pcr).
at the center of the cell and the average radius of the central air void, R̄ = 1
2𝜋
∫ 2𝜋0 R(𝜃)d𝜃, where R(𝜃) is the
radius of the air void from the center of the cell at angle 𝜃, the ﬁgure shows a series of ﬁve pressurization
cycles which develop while air is supplied to the center of the cell at a near-constant rate. We also show the
variation of the area of the air-ﬁlled region in the center of the cell, as measured by the average value R̄2 =
(1∕2𝜋) ∫ 2𝜋0 R
2(𝜃)d𝜃, as a function of the pressure in the center of the cell (Figure 4, bottom). To complement
this data, in Figures 5a–5e we show a series of photographs of the deformation of the clay with time during
the ﬁfth cycle of Figure 4, and in Figures 5f and 5g we illustrate the variation of the area of the air-ﬁlled zone
as a function of the pressure at the center of the cell and as a function of the height at the center of the cell to
identify the conditions at which each photograph (Figures 5a–5e) was taken. At the end of each cycle, the cell
has a high-pressure and large air void in the center of the cell, while a narrow channel can be seen connecting
this air void to the exterior (Figure 5a). As the air escapes from the center of the cell, there is a rapid drop in
pressure and in the size of the void as the deformation of the top plate decreases and clay ﬂows back toward
the center. During this phase, the channel to the exterior also becomes partially closed by the clay, isolating
the remaining air void in the center of the cell (Figure 5b). Once the pressure has fallen to point B then asmore
air is supplied to the center of the cell, the pressure in the air-ﬁlled void builds up again. During the transition
B-C, the clay is nonyielding and the air-ﬁlled void does not grow. However, on reaching point C, the pressure
has become suﬃcient that the clay can ﬂow and it moves outward while the upper plate of the cell deforms,
as shown by points D and E. As the cell deforms the narrow channel which connected the central air void to
the outer edge of the tank gradually reopens. Eventually, just beyond point E, the channel reaches the outer
edge of the cell, the air escapes, and the cycle repeats.
Figure 4 (bottom) shows that there is a jump in the relation between the pressure and the size of the air
void between the ﬁrst pressurization cycle and the subsequent cycles. On the ﬁrst cycle, the initial manually
ﬁlled cell is pressurized. The clay is then redistributed and compacted within the cell during the ﬁrst cycle,
and toward the end of this cycle, the mesh ﬁlter at the edge of the cell ﬁlls with clay, preventing further loss
of clay from the cell. As seen in Figure 4 (bottom), on subsequent cycles, the system follows a very similar
deformation-pressurization path. Figure 4 (bottom) also illustrates that the pressure at which the channel
to the outside edge of the clay breaks through, leading to the decompression phase, varies from cycle to
cycle. It is thought that this depends on the degree of closure of the channel in the previous decompression
phase. Also, the pressure at which the clay yields and the cell begins to deform varies from cycle to cycle.
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Figure 4. (top) Variation of the pressure (blue) and mean radius (red), R̄, scaled with the radius of the cell, R0, as a
function of time during an experiment in which air is injected into a clay-water mixture with S = 0.14. Five
pressurization-depressurization cycles may be seen. (bottom) Variation of the area of the void space in the center of
the cell, 𝜋R̄2, scaled with the area of the cell, 𝜋R20, as a function of the pressure at the center of the cell for the
experiment shown in Figure 4 (top). After the ﬁrst cycle, the system evolves along a common R̄2-P curve during the
pressurization phase of the cycles, once the clay begins to yield and deform. The dashed lines in Figure 5 (bottom) are
predicted by equations (3)–(6) using the value B = 2.3 × 102 Pa m3.
This is interpreted as a result of the somewhat irregular shape of the void which varies in detail from cycle to
cycle. However, there is a well-deﬁned trend relating the pressure and area of the void which we discuss later.
3.3. Variation of Breakthrough Pressure as a Function of the Clay Content
During the ﬁrst cycle of each experiment it is possible to identify a transition from a nearly axisymmetric
deformation where the clay is displaced radially (Figures 3f–3h) to a second phase (Figures 3h–3j) in which
a narrow fracture-like channel migrates through the clay ahead of this deformation front. It is possible to
identify a fracturing pressure Pcr (Figure 2c) as the minimum pressure at which the channel begins to form. A
systematic series of experiments was carried out to determine the pressure Pcr as a function of the bentonite
content S. Figure 2c shows that Pcr increases nearly exponentially with clay content, from about 8 kPa with
S = 0.1 to about 30 kPa with S = 0.15.
3.4. Eﬀect of An Outer Low Permeability Filter Ring
The origin of the cycles lies in the diﬀerent time scales for injection of air, which is slow, and the release of air
from the air void once the fracture-like channel reaches the outer edge of the cell, which is fast. The closure of
the channel during the decompression provides a mechanism for isolating the air void during the recharge
process. In order to demonstrate the dependence of the cycles on the fast release of gas along the channel,
we placed a very lowpermeability ring around the outer edge of the cell such that the pressure jump required
to drive the gas across this ring is comparable to the pressure required for the clay to yield, and we then
repeated the experiments. This polyethylene ring ﬁlter (Vyon® D provided by Porvair ﬁltration group) has a
mean pore size of 16 μm and permeability estimated to be 𝜅f ≃ 10−12 m2. On supplying air to the cell, the
pressure gradually built up within the cell and, as before, a fracture-like channel developed and grew to the
outer edge of the cell. At this point, however, the ﬂux of gas through the low permeability ﬁlter was smaller
than the supply rate from the pump and so the pressure initially continued to increase until the leakage rate
through the ﬁlter matched the supply rate.
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Figure 5. Series of photographs showing the evolution of the air void and clay during cycle 5 of Figure 5. The points marked A–E correspond to (a) the end of a
pressurization cycle; (b) the state just after the channel reaches the outer edge of the cell and the decompression has occurred; (c) the state once the pressure
has built up to the yield stress; (d) a state part way through the evolution as the clay spreads radially outward and the upper plate deforms; (e) the ﬁnal
pressurized state just before the fracture-like channel has reached the outer edge of the cell. Variation of the area of the air void in the center of the cell, 𝜋R̄2,
scaled with the area of the cell, 𝜋R20, during cycle 5, as a function of (f ) the pressure at the centre of the cell and (g) the deformation at the center of the cell,
showing the conditions for each of the photographs (Figures 5a–5e).
4. Discussion
The slow deformation of the cell measured in terms of the increase in the gap width, Δh(r), relative to the
uniform gap width, h0, with zero overpressure, as a function of radius, r, may be described in terms of the
overpressure within the cell,Δp(r), and the bendingmoment or ﬂexural rigidity of the upper plate of the cell,
B = 2.3 × 102 Pa m3, according to the relation
Δp(r) = B∇4(Δh(r)) (1)
In equilibrium, with uniform overpressure Δp associated with the pressurization in the center of the cell, this
has solution for the increase in the gap width [Timoshenko andWoinowsky-Krieger, 1959, equation 62]
Δh(r) = Δp
64B
(R20 − r
2)2 (2)
so that the increase in gap width at the center of the cell is related to the overpressure according to
Δp = 64BΔh(0)∕R4o (3)
If the overpressure changes from value Δp1 to value Δp2, the gap between the plates changes according
equation (2), leading to the expression for the change in the volume between the plates, ΔV = V(Δp1) −
V(Δp2) given by
ΔV =
𝜋(Δp1 − Δp2)
192B
R60 =
𝜋
3
(
Δh(0)1 − Δh(0)2
)
R20 (4)
where R0 is the radius of the cell and (Δh(0)1 −Δh(0)2) is the change in the gap width at the origin. If the clay
is incompressible, this change in volume leads to a change in the size of the air void in the center of the cell.
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Figure 6. (a) Variation of the shape of the upper plate of the cell at points A–E of cycle 5 shown in Figure 5, illustrating
the shape just prior the decompression (A), the shape following decompression (B), the onset of deformation once the
clay becomes mobile (C), and followed by the growth of the void space until the clay fractures (D and E). In each case
the dashed line shows the prediction of equation (2) based on the measured pressure change at the centre of the cell.
(b) The rescaled shape of the deformation for each of these times is shown in comparison to the model prediction.
If the air void is modeled as being axisymmetric in the region 0 < r < R(t), with the clay being displaced to
the outer part of the cell, R(t) < r < R0, then the volume of clay in the cell Vc may be expressed as
Vc =
𝜋
3
Δh(0)R20
[
1 −
(
R
R0
)2]3
+ 𝜋h0(R20 − R
2) (5)
Providing that the volume of clay in the cell remains ﬁxed, Vc, and also that R ≪ R0, then it follows that as
the clay is displaced outward, the gap width at the center of the cell is related to the radius of the void by the
approximate relation
Δh(0) = 3
𝜋R20
{[
Vc − 𝜋h0R20
]
+
(
3Vc − 2𝜋h0R20
) R2
R20
}
(6)
In Figure 4 (bottom), it may be seen that after the initial deformation cycle, deﬁned as stage 0, once the clay
becomesmobile, theoverpressure andhencegapwidth at the center of the cell (equation (3)) varies inpropor-
tion to the areaof the void andoneach cycle, thedata follow the samecurve, of the formgivenby equation (6).
The second term on the right-hand side of equation (6), shown in square brackets, is a constant related to the
ﬁxed volume of clay in the cell and this can be estimated by ﬁtting the curve to the data. We note that dur-
ing the initial cycle of gas pressurization, deﬁned as stage 0 in Figure 4, once the clay becomes mobile and is
displaced radially outward from the center of the cell, the relation between overpressure and area of the void
follows the relation given by equation (6), but with a larger constant. This is because near the end of this ini-
tial cycle, as the overpressure reaches amaximum, there is some loss of clay from the edge of the cell into the
ﬁlter which then suppresses any subsequent loss of clay. As a result, during the initial cycle there is more clay
in the cell and so the constant has a larger value.
The relationship between Δh(0) and R̄2, the size of the cavity, is consistent with our data as shown by com-
parison of the dashed black line and the data in Figures 4 (bottom) and 5g. Using the value of the constant in
equation (6) by matching with the data, we have compared the shape of the upper surface of the cell Δh(r)
with the model prediction (equation (2)) and this is shown in Figures 6a and 6b at points A and C–E during
cycle 5 of the experiment shown in Figures 4 and 5 (A and C–E). For clarity all the data have been rescaled in
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Figure 6b and compared with one dimensionless model proﬁle. There is good agreement of the model pre-
diction for the shape of the deformed lid with the actual data, especially given the complexity of the actual
shape of the void (Figure 5).
5. Summary
In a series of experiments in which air is injected into a conﬁned two-dimensional layer of clay, we have found
that as the pressure exceeds the yield stress of the clay, the air can displace the clay-water mixture radially
outward and the upper plate of the cell deforms upward elastically. This leads to a radially symmetric ﬂow
of the clay until, at a higher pressure, a fracture-like channel migrates through the clay to the outer edge
of the cell. The pressurized air in the center of the cell then escapes along this channel, with an associated
rapid decrease in the pressure of the cell, closure of the channel, and shrinking of the air void, as the clay
spreads out. The continued injection of air into the cell then builds up the pressure of the isolated air void
until the clay becomes mobile and is displaced outward again and the cycle repeats. The critical pressures at
which the clay becomes mobile and at which the fracture-like channel opens up do vary from cycle to cycle,
owing to the irregular shape of the air void and to the nonuniqueness of the fracture healing process during
decompression.
The experiments have implications for a number of geophysical processes involving the pressurization of
non-Newtonian materials by injection or production of gas, and the ensuing episodic release of the gas. The
process may be responsible for the periodic release of biogenic gas which accumulates in mud deposits on
the seaﬂoor or for the episodic release of gas in mud volcano systems, as methane builds up in a subsurface
reservoir until reaching a critical pressure to fracture themud. For example, Feseker et al. [2014] report on four
eruption events emitting about 104 m3 methane over a 430 day survey of the HakonMosby Sea Volcano. The
fractional change in volume, ΔV , required to pressurize the clay up to the fracturing pressure ΔP is given by
ΔV∕V = ΔP∕𝛽 . If we assume the mud has a fracture stress with values of 105 Pa [Marques, 2001] to 107 Pa
[Donohew et al., 2000], then if the gas accumulates at depths of a several hundred meters over a volume of
V∼108 m3, for example, perhaps extendingof order 1–5×103 m in lateral scale [Shirzaei et al., 2015], thenwith
a bulk modulus of order 𝛽 = 3.6 × 1010 Pa [Poletto and Miranda, 2004, Table 4.2], we predict that the volume
which can erupt, ΔV will be in the range 103 –105 m3, analogous to observations. Following fracture of the
conﬁningclay, this excessgasmaymigrate anderupt at the surface. In the caseof ageologicalwaste repository
in which the wastematerial is sealed within a clay layer or clay-based engineered barrier, the accumulation of
gas following generation within the repository may lead to an increase in pressure until eventually fracturing
of the conﬁning clay occurs. This could generate transient highpermeability pathwayswhich enable relatively
long-range gas transport even though the clay is an inherently low permeability medium.
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